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Multi-scale Computational Analyses of JP-8 Fuel Droplets and Vapors in
Human Respiratory Airway Models

1. Technical Summary

1.1 INTRODUCTION

Liquid and solid microparticles as well as nanoparticles and vapors are encountered in the

ambient air and at the workplace, or are generated by inhalers as drug aerosols for therapeutic

purposes. For example, because Jet-Propulsion fuel 8 (JP-8) is currently in use world-wide,

especially in the US, Air Force personnel and people living near airfields may be exposed to JP-8

vapors as well as mixed vapor and aerosols during aircraft fueling, maintenance operations, cold

starts, etc. (NRC, 2003; Ritchie et al., 2003). Such particles are inhaled through the extrathoracic

and tracheobronchial airways, possibly down into the alveolar region. A certain percentage may

deposit by touching the moist airway surfaces in various lung regions and hence are available for

interactions with pulmonary tissue (Gehr & Heyder, 2000). As a result, toxic particles, such as

JP-8 fuel aerosols, may induce pulmonary and other diseases (Frampton, 2001; Singh & Davis,

2002; NRC, 2003; ATSDA, 2005). Given any set of ambient conditions in terms of pollutant

concentration, temperature and humidity, it is of interest to predict how much deposits where in

the human respiratory tract under realistic breathing conditions. Such results, usually obtained

via experimentally validated computer simulations, are of great interest to toxicologists,

epidemiologists, health care providers, and regulators of air pollution standards.

In continuation to our previous AFOSR-contract work entitled "Computational Analysis

and Simulation of Toxic Particle Deposition in the Human Respiratory System" (Award No.

F49620-01-1-0492), the following work has been accomplished during the current funding

period from 08/15/04 to 08/14/07:

(i) Inclusion of the human nasal cavity to compare particulate matter (PM)

deposition between nasal and oral inhalation.

(ii) Analyses of geometric variations in lung morphology to investigate the impact of

subject variability on PM and vapor deposition in terms of airway location and local

concentration.

(iii) Development of models of droplet evaporation and hygroscopic growth, as well

as a realistic JP-8 fuel surrogate in order to track at least 12 components, i.e., chemical markers,

considered to be most harmful. 20080226474



(iv) Model development and analysis of absorption and intra-wall transport of nano-

size particles and fuel vapor components.

(v) Development of the methodology for optimal drug aerosol targeting.

(vi) Development of particle deposition correlations for improved global lung deposition

models.

The resolution and accuracy of the computed particle deposition pattern and aerosol

concentrations on the airway surfaces are unsurpassed; in fact, such details cannot be obtained

experimentally. As far as fuel aerosols are concerned, their toxicity level precludes human

testing anyway. The completed work is an essential part of the AFOSR-sponsored toxicokinetics

analyses employing physiologically based pharmacokinetic modeling procedures. Furthermore,

it is applicable to "dosimetry-and-health-effect" studies being conducted by the U.S. EPA and

"targeted drug aerosol delivery" of interest to the medical device and pharmaceutical industries.

1.2 THEORY

1.2.1 Airway geometry

The representative airways models used for computer simulations include a nasal airway

model, an oral-tracheobronchial airway model, an alveolar duct, and repeated triple bifurcation

units (Fig. 1). The representative nasal airway geometry was obtained from widely used MRI

files of the nose of a healthy, 53-year-old, nonsmoking male (73 kg mass, 173 height), provided

by CIIT (Research Triangle Park, NC). The detailed description of the nasal airway model is

given by Shi et al. (2006), while the oral-tracheobronhcial airway model is described in Li et al.

(2007), and Kleinstreuer & Zhang (2003). The alveolated duct model is based on the geometric

data provided by Haefeli and Weibel (1988), characterized by smooth cells or sacs, which are

also related to the actual shapes of alveoli (see Li and Kleinstreuer, 2007).

The dimensions of the four-generation (i.e., triple bifurcation) airway units are similar to

those given by Weibel (1963) for adults with a lung volume of 3500ml. The tracheobronchial

airways (TB region), in terms of GO-G15, can be subdivided into five blocks or levels which are

approximated by "triple-bifurcation units" (TBUs) (see Fig. ld). The idea is to extend the TBUs

extend "in series" as well as "parallel" after appropriate modifications, in order to capture actual

lung morphologies of healthy adults. Specifically, air-particle outflow conditions of an oral

airway model (see Zhang et al., 2005) can be adjusted as inlet conditions for GO-G3, which at

their outlets are again adjusted to become inlet conditions for G3-G6, etc. Necessary adjustments

would include: (a) the magnitudes of velocity and turbulence quantities which are recalculated

due to the variation in branch tube diameters to capture "subject variability"; and (b) the profiles
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of variables are also reconstructed and rotated to some degree for the inlet to the downstream

airway unit to incorporate the non-planar geometry effect.

(a) Nasal airway model
A-A'

0-.2m

5mm

(b)Oral-tracheobronchial airway model (c) Alveolated duct

soft palate-

Pharynx
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Fig. 1: Models of human respiratory systems
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1.2.2 Governing equations

Airflow. In order to capture the airflow structures in the laminar-to-turbulent flow regimes, i.e.,

O<Reloca<10,000 for the maximum (transient) inhalation flow waveform, the low-Reynolds-

number (LRN) k-o model of Wilcox (1998) has been selected and adapted which has been

demonstrated to be appropriate for such internal flows. All air transport equations, including the

heat transfer equation, as well as initial and boundary conditions are given in Zhang &

Kleinstreuer (2003a, b) and Kleinstreuer & Zhang (2003). The effect of wall roughness (see

Fig. 1 a) on the laminar flow profile in the nasal cavity is included in the airflow simulations by

introducing the roughness-viscosity (OR) in a manner similar to the eddy-viscosity (Shi et al.,

2007a). Based on experimental correlations and analytical considerations, a set of equations to

calculate oiR in microtubes with certain wall roughness (Mala & Li, 1999) have been proposed.

Transport of micro-size droplets. With any given ambient concentration of non-interacting

spherical droplets, a Lagrangian frame of reference for the trajectory computations of the

evaporating droplets can be employed. The detailed descriptions of micro-particle trajectory

equation with turbulent dispersion are given in Zhang et al. (2005).

Droplet evaporation or hygroscopic growth. This analysis considers that the droplet

temperature and composition are maintained spatially uniform but evolve with time and the

droplet remains spherical during vaporization. This assumption is reasonable because of the

small Biot number (Bi<<l) for the micro-size droplets. Considering the convective heat and

mass transfer over the whole surface of the spherical droplets, the change in droplet mass (or size)

can then be calculated (Longest and Kleinstreuer, 2005; Zhang et al., 2006b).

Mass transfer of vapor or nanoparticles. The convection mass transfer equation of ultrafine

particles, or (JP-8) fuel vapor, whose dominant radial transfer mechanisms are Brownian motion

and turbulent dispersion is given in Zhang & Kleinstreuer (2003b, 2004).

Assuming that the airway wall is a perfect sink for aerosols or vapors upon touch, the

boundary condition on the wall is Y,=0. This assumption is reasonable for fast gas-wall reaction

kinetics (Fan et al., 1996), or vapors of high solubility and reactivity, and also suitable for

estimating the maximum deposition of toxic vapor in the airways. For less soluble vapors, the

wall concentration would be greater than zero so that transport in tissue and in airways must be

considered simultaneously for simulating vapor uptake. Assuming that the surface of respiratory

epithelium is covered by a mucus layer with uniform thickness and a lipid layer lie below the

mucus lining simulating the transport barrier by the epithelial cell membrane, Keyhani et al.

(1997) derived a flux condition at the airway boundary including the vapor transport in the
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tissue. This boundary condition was inferred from the mass conservation and mass diffusion of

vapor from the airway to the mucus layer and to the tissue, which is given as:

Din ay+ KY =O (1)
an

where D, is the inlet tube diameter, n is the direction normal to the airway wall, and K is a

dimensionless parameter, here we call it absorption parameter, which is defined as

K = D, 2D. I/-H, 1 (2)
Doff tanh( rH,) L (D. /Hm +P)(e" -e-H ")j

where D,, D m are the vapor diffusivity in the air and the liquid mucus phase, respectively; Hm, is

the thickness of the mucus layer; and /8 is the equilibrium partition coefficient for a given

contaminant molecular, which can be determined by Henry"s law; .= / Dm with kr being a

single rate constant considering the chemical reactions of vapors in the mucus layer;

P, = yD, / H, is the lipid permeability coefficient with y, D1, H, being lipid-mucus partition

coefficient, vapor diffusivity in the lipid and the thickness of the lipid layer, respectively.

Clearly, for a highly soluble (f6 -- 0) or high reactive (kr -4 c ) vapor, the boundary

condition (1) reduces to Y=O. If vapor is insoluble (,B -- oo ), the boundary condition reduces to

the zero mass flux condition, i.e., aY /an = 0. Ignoring removal of contaminant molecules in

the mucus by chemical reaction and the resistance to transport across the lipid barrier, the

absorption parameter K reduces to:

K= DDrn (3)
D,,3H,

Deposition parameters. The regional deposition of micron particles in human airways can be

quantified in terms of the deposition fraction (DF) or deposition efficiency (DE) in a specific

region (e.g. oral airway, first, second and third bifurcations etc.); they are defined as:

Number of deposited particles in a specific region
DFP,he= Number of particles entering the mouth (4)

DEparticle Number of deposited particles in a specifc region (5)
Number of particles entering this region

In addition to the above two traditional deposition parameters DE and DF, a deposition
enhancement factor (DEF) is considered to be employed to quantify local particle deposition
patterns (Zhang et al., 2005). The DEF is defined as the ratio of local to average deposition
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densities, i.e.,
DEF DFi / A i (6)

n n

ZDF /jAi

where Ai is the area of a local wall cell (i), n is the number of wall cells in one specific airway
region and DFi is the local deposition fraction in the local wall cell (i). Clearly, the presence of
high DEF-values indicates inhomogeneous deposition patterns, including "hot spots" in terms of
locally maximum particle depositions.

The deposition fraction (DF) of nanoparticles can also be calculated with the regional
mass balance or the sum of local wall mass flux with the Eulerian-Eulerian modeling technique.
As for the local wall mass flux of nanoparticles, it can be determined as

thw = pA,jwall,l (7)

where Ai is the area of local wall cell (i) and Jajj, is the particle flux at the local wall cell given

by

J wall,i = -D p w, (8)

The local particle deposition fraction (DF) or deposition efficiency (DE), which is defined as the
ratio of local wall mass flux to the inlet mass flux, can be expressed as

DFocal or DEocal = (AiJwa,i )/(Qi. Yi ) (9)

and the regional DF or DE can be determined as
n

DFreon or DEegion = i(Ai wal,i )/(QinYn) (10)

where n is the number of wall cells in one specific airway region, e.g., oral airway, first airway
bifurcation, etc. The subscript "in" refers to mouth inlet for calculating DF, while it refers to the
inlet at one specific airway bifurcation for calculating DE. The local nanoparticle deposition
patterns can also be quantified in terms of the deposition enhancement factor (DEF), i.e.,

n n

DEF = jw.., /[I (AjIw11j)1/A,] (11)
1=1 i=l

Again, the DEF will indicate particle deposition "hot spots" in certain regions.

1.2.3 Numerical method

Different numerical approaches were used for modeling the airflow and particle transport

in different representative airway models. The numerical simulations in the nasal airway model

were carried out with a user-enhanced commercial finite-volume based program, i.e., CFX 5.7

from Ansys Inc (Canonsburg, PA). The details can be found in Shi et al. (2007b). It should be

noted that, based on experimental data, the "wall-roughness-region-enhanced-particle-capturing-

effect" was incorporated into the computation with a 0.2mm wall roughness layer which is 100%

penetratable for particles less than 4itm and captures all particles larger than 4fIm in diameter.

The numerical solutions of airflow and particle transport in the oral and tracheobronchial airways
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were carried out with a in-house CFPD code or user-enhanced finite-volume based program

CFX4.4 from Ansys, Inc., and an off-line parallelized particle transport code "F90" (for details

see Zhang et al., 2005; Li et al., 2007). While CFPD code and CFX Version 4 is a solver based

on structured meshes, CFX5 & 10 use unstructured meshes to accommodate more complex

geometries.

The airflow and particle transport in the 2-D alveolar duct model was simulated with the

lattice Boltzmann method (LBM) (see Li and Kleinstreuer, 2007). LBM is a mesoscopic method

that covers the range between molecular dynamics and the familiar continuum mechanics solvers.

LBM is a computational approach relies upon fluid-element (i.e., "particle") movement and

collision. Instead of tracking individual "particles", LBM evaluates a distribution function (i.e.,

the probability of finding a particle at a given location at a given time) in light of particle motion

and collision. This approach eliminates the statistical noise. The detailed simulation processes

are described in Li and Kleinstreuer (2007).

The mesh topologies of the three airway models were determined by refining the meshes

until grid independence of the flow field and particle deposition fraction solutions were achieved.

All computations were performed on high performance computers at Army Research Lab (ARL),

an IBM Linux Cluster with 175 dual Xeon compute nodes at North Carolina State University's

High-Performance Computing Center (Raleigh, NC) and local dual Xeon Intel 3.OG Dell

workstations (CFPD Laboratory, Department of Mechanical and Aerospace Engineering, NC

State University).

1.3 RESULTS

Some selected computational results including model validations are presented in this

section. More results and detailed descriptions can be found in relevant publications (see Sect.2).

1.3.1 Model validations

For accurate computational fluid-particle dynamics (CFPD) simulations, matching

comparisons with theoretical or experimental fluid velocity profiles, pressure drops and local

particle distributions are necessary. As listed in Table 1, our CFPD modeling has been

extensively validated with various experimental data sets. For example, CFPD (then CFX4) for

steady and transient laminar flows in bifurcations by Comer et al. (2000, 2001); Zhang &

Kleinstreuer (2002); and Zhang et al., (200 l b) and for laminar, transitional and turbulent flows in

tubes with local obstructions by Kleinstreuer & Zhang (2003), and Zhang & Kleinstreuer (2003a).

Especially, the low-Reynolds-number (LRN) k-omega model has been extensively validated and

has been proven to be an applicable approach to capture the velocity profiles and turbulence
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kinetic energy for laminar-transitional-turbulent flows in the constricted tubes of the upper

airways (see Zhang & Kleinstreuer, 2003a). Similarly, past simulated spherical, micro-particle

depositions in airways were successfully compared with measured deposition efficiencies and

deposition patterns (Comer et al., 2000; Zhang et al., 2002a-d) . The simulation of spherical,

nanoparticle deposition due to diffusional transport has been validated with both analytical

solutions in straight pipes and experimental data for a double-bifurcation airway model (Shi et al.,

2004) as well as experimental data in an oral airway model (Zhang & Kleinstreuer, 2003b). In

addition, the comparisons conducted by other researchers in terms of their experimental

measurements or approximate analytical solutions also show that the previous simulated velocity

profiles and deposition data in human airways published by the PI and his co-workers are

accurate and reliable (see Fresconi et al., 2003; Broday, 2004). Two examples are given in Figs.

2 and 3 for micron particle deposition in the human upper airways and micron particle transport

in a human oral airway model.

Table 1 List of Validated CFPD models

Submodel Description Geometry References

Air flow Laminar-transitional- Constricted tube Kleinstreuer & Zhang
turbulent airflows (2003); Zhang &

Kleinstreuer (2003a)
Steady and transient Single bifurcation tube Comer et al. (2001); Zhang
laminar flows & Kleinstreuer (2002)

Micro-size Steady inspiratory Double bifurcation airway Comer et al. (2000); Shi et
particle/droplet particle distributions, model, oral airway model, al. (2004); Zhang et al.
transport and deposition patterns and nasal cavity, curved bend (2001a,b, 2002a-d,2005)
deposition efficiencies

Cyclic particle deposition Double bifurcation airway Zhang et al. (2002a-d)
model

Droplet evaporation Convection vaporization Human lung airways (cast Zhang et al. (2004, 2006b)
of water and single- model) mouth to G3
component JP-8 fuel
droplets

Spherical Steady and transient Straight tube, curved tube, Shi et al. (2004, 2006);
nanoparticle deposition efficiencies double bifurcation airway Zhang & Kleinstreuer
deposition with different airflow model, tracheobronchial (2003); Zhang et al. (2005)

rates airway model, oral airway
model, nasal cavity

Interaction of Transient laminar 2-D Bifurcating, alveolated duct Li & Kleinstreuer (2007)
airflow and fluid-particle dynamics in
microparticle expanding/contracting
trajectories in cells
alveolated duct
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In summary, the good agreements between experimental findings and theoretical

predictions instill confidence that the present computer simulation model is sufficiently accurate

to analyze transport and deposition of toxic particle/droplet and vapor in three-dimensional

representative airway models associated with laminar-to-turbulent airflows.

100

-Z*:. 80 Nasal (Simulation)
C Oral (Simulation)
0

tAirways GO-3 (Simulation)
60 - Nasal (Experiments)

I * Oral (Experiments)

u 40 a Airways GO-3 (Experiments)
0

- 20

0
- I 1 1 I I l l l l i t I L l l I I l l llI I . .. ..I

10-3  10-1 101 100  10t
Particle Diameter (hm)

Fig. 2: Experimentally validated computer simulation results of particle deposition

fractions in human upper airways as a function of particle size.

Mouth center release Off-center release
(Q,= 8 L/min; dp 7 jrn) (Qin 8 L/min; dp = 7 pm)

Simulation Simulation

inlet i kilet j

Experiment Experiment

(Prof. W. L. Roberts) (Prof. W. L. Roberts)

- -

Fig. 3: Comparisons of simulated and measured particle distributions with different inlet

release positions
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1.3.2 Airflow and particle deposition in the human nasal cavities

Airflow patterns. A typical inspiratory airflow structure in the human nasal cavities is given in

Fig. 4 assuming steady laminar flow under resting condition (Q=7.5 L/min). After the airflow

enters a nasal cavity, the majority of flow passes through the middle-to-low portion of the main

passageway between middle and inferior meatuses (see. Figs. 8 d-f0. Especially, two high speed

regions are located under the middle and inferior meatuses. The narrow olfactory region and the

upper part of the middle and inferior regions receive only small amounts of air, which is believed

to protect the cells for the sense of smell. Although airflow enters the nose almost vertically, the

quasi-funnel shape of the vestibule redirects the airflow horizontally after the nasal valve, i.e.,

towards the lower nasal passageway. Then, most of the inhaled air flows through the wider

middle-to-low portion of the main passageway which is free of obstacles. The secondary flow

fields are quite strong in the middle part of the nasal cavities, i.e., Slices 3-3' and 5-5' because of

the locally complex geometric features and the airflow direction changes in the vestibule (see Shi

et al., 2008).

C, S 0 26 20 14 DO ."

D 0000

(dl

No.-I . ory (uU_ No., *Wf 4WU_J 2-2 "'*Vu4., 6-6'

4 9 A8 J 20

S44 D4 all 0 0

t 03 0D 006

Figure 4. Velocity fields in human nasal cavity at constant inlet flow rate of 7.5L/min: (a) 3-

D streamlines and velocity contours (b-g) Velocity fields in six selected slices
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Vapor or nanoparticle deposition. Most particles, or equivalent vapors, of dp Inm pass

through the middle-to-low main passageway convected by the main airflow portion. Especially a
high particle concentration is observed in the main passageway below the middle meatus.
However, as the flow rate increases, a larger portion passes through the olfactory region (Shi et
al., 2008). Figure 5 depicts the distributions of the deposition enhancement factor (DEF) for
quasi-steady flow rate of 7.5L/min and particle sizes dp = 1nm, and 5nm. Specifically, for

dp = nm (or vapor), the majority of deposition occurs in the anterior part of the nasal cavity

because of the high diffusivity. The meatuses regions experience only small deposition fluxes
because most particles are taken up before they can reach the deeper regions of the meatuses. In
Figs. 15 and 16, high DEF values can be seen around the nasal valve region due to the locally
narrowing airway. The top views of Fig. 5b, where the middle meatus emerges, reveal the
highest DEF values. Overall, 90% of the incoming Inm-particle (or vapor) mass deposits if a
perfect absorbing airway wall is assumed. The effects of mucus layer and airway wall
absorption is discussed by Shi et al. (2008). For dp = 5nm (see Fig.5c, d), deposition fluxes are a

bit more evenly distributed because of the somewhat uniform particle concentrations in the
airways. Still, the locations of deposition "hot spots" are basically the same, i.e., the nasal valve
region and middle-meatus zones feature the highest DEF values.

When investigating the nanoparticle deposition efficiency and the fraction of deposited
mass in the meatus regions, it was found that the middle meatus experiences a higher deposition
efficiency and the fraction of deposited mass than the inferior meatus because many more
nanoparticles pass through the middle meatus region. For example, when dp =1nm and

Q=7.5L/min, the middle meatus features a deposition efficiency of about 18% while in the
inferior meatus it is only 9%, although the surface area of the middle meatus is only about 33%
larger than that of the inferior meatus. However, it is surprising to find that for both meatuses,
despite of some occasional differences, their fractions of deposited mass are almost constant
throughout the particle size range of 1 nm<dp<150 nm and three flow rates, i.e., Q=7.5, 10 and

20L/min. Especially for the middle meatus, the fraction of deposited mass is consistently around
19-20%. The olfactory region is the most desirable target for drug delivery in the human nasal
cavity; but, it is also the most vulnerable to toxic aerosols (see Illum, 2003). Very small amounts
of nanoparticles deposit onto the olfactory surfaces. For example, when Q=7.5L/min, the
deposition efficiency is only 0.2% in the olfactory region for lnm particles (or vapor).

In terms of simulated results, the laminar nanoparticle deposition efficiency in the human
nasal cavity can be expressed as

Lam D LP L )I/2 Sc-116

4.Q (12)

where Sc is the Schmidt number, L1I 0cm is the equivalent nasal airway length and C is a curve-
fitted coefficient representing geometric complexities, given as

C =a+ b.lnA (13)
DpL

where A is the diffusion parameter (A- ), a = 0.568 and b = -0.69 for 7.5<Q<20L/min4UR z

and I nm<dp <150 nm.
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Figure 5: Deposition Enhancement Factor (DEF) contours at constant inlet flow rate of
7.5L/min for (a,b) 1nm-particles (vapor), and (c,d) 5nm-particles.

Micron particle deposition. Usually, replicas of nasal airways with coarser manufacturing

methods (rough walls) or in vivo nasal airways produce higher deposition efficiencies than

physical models produced with fine manufacturing procedures (smooth walls) (Kelly et al.,

2004). As shown in Fig. 6a, ignoring the wall roughness layer underestimates total deposition

efficiencies significantly while simulations incorporating the wall roughness layer effect generate

a good agreement with the measurements Kelly et al. (2004). In summary, Fig. 6 strongly

indicates the important influence of the wall roughness region on particle deposition in the nasal

cavity.
Clearly, the particle deposition efficiency increases with higher IP-values (IP=Qdp2),

predominantly in the nasal valve region. Specifically, Fig. 7 shows the particle deposition
patterns for different inlet conditions. When dp = 2gtm, only a small amount of particles deposit

in a scattered fashion (see Fig. 7a, b). When dp =10gim, more particles deposit due to an

increase in impaction (see Fig. 7c, d). Basically, there are three major deposition hot spots. The
first one is near the nasal valve where a narrow and 90-degree funnel-shaped bend form the
stagnant point for many particles. The second one is the top of the middle meatus wall. With a
steep geometry change, the particles intend to hit the middle meatus wall or middle turbinate
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because of direct impaction and secondary flows. The third site is near the nasopharynx where
the nasal airways experience a third 90-degree bend after a constriction so that particles hit the
wall due to the combined effects of centrifugal force, jet flow and inertial impaction.

4 Exp., SwHt (199 1)
* Exp., Gulimotte*a . (1994); Zwartz, G.J. and Guilmatte (2001) 4 Exp., Swift (1991)

11 Exp., Kelly at al. (2004s) * Exp., Guilmette at al. (1994); Zwsrtz, G.J. and Guilmette (2001)
o Simltion with smooth walls (Q-7.6LImin) 0 Exp., Kelly at al. (2004a)

~ Smultio wih soot wals Q.2Limn)0 Simulation with wall roughness region effect (Q-.5Urnin)
a S:u::ton ith mooh wals 0-20mln Simulation with wall roughness misn effect (0-20/min)

-- (d= 5 m 0 a Conr*la6lon:I-exp(-4.61E-5 d'Q), -09

01 ~ -5 -
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.0.
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Figure 6: Particle deposition efficiency comparison between present simulation and
experiments (Shi et al., 2007)
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Figure 7: Particle deposition patterns for different inlet conditions
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Based on the simulation results, a correlation function was developed to predict the total

particle deposition efficiency in human nasal cavities. Figure 6b also includes a correlation for

the deposition efficiency as a function of impaction parameter, IP. The correlation can be written

as an exponential function (Shi et al., 2007):

T = 1 - exp(a IP) (14)

where a = 4.61 x lO-' and IP = 2 Q. The resulting r2 is 0.99 indicating a good fit.

1.3.3 Deposition comparisons between vapor (nanoparticles) and micron particles (droplets)

Typical deposition patterns of both nano- and micron- particles are shown in Fig. 8 in

terms of DEF-distributions in oral and bifurcation airway models. Micron particle deposition

during inhalation is mainly due to impaction, secondary flow convection, and turbulent

dispersion. Thus, they largely deposit at stagnation points for axial particle motion, such as the

tongue portion in the oral cavity, the outer bend of the pharynx/larynx, and the regions just

upstream of the glottis and the straight tracheal tube, as well as the regions of carinal ridges in

the bronchial tree. As for nanoparticles, the enhanced deposition mainly occurs at the carinal

ridges and the inside walls around the carinal ridges again due to the complicated air flows and

large particle concentration gradients in these regions. Although the enhanced deposition sites

(i.e., those with high DEF-values) in the bifurcating airways are similar for nano- and micro-size

particles, the maximum DEF-values for nanoparticles are two to three orders of magnitude

smaller than for microparticles. Specifically, the DEFmax for microparticles is of the order of 102

to 103, while DEFma, for nanoparticles is of the order of 1 (Zhang et al., 2005). A more uniform

distribution of deposited nanoparticles may relate to a different toxicity effect when compared to

fine particles made of the same materials. Specifically, not only the larger surface areas relative

to the particle mass but also, more importantly, the larger surface areas with a near-uniform

deposition can generate a higher probability of interaction with cell membranes. Hence, it may

result in a greater capacity to absorb and transport toxic substances into tissue, blood and the

whole body, and the enhanced possibility of systematic diseases, such as cardiovascular diseases

(Hoet et al., 2004; Oberdorster et al., 2005). In contrast, the extremely high local DEF values for

micron particles indicates the possibility of local pathological changes in bronchial airways, such

as the formation of lung tumors (Balashazy et al., 2003).
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Fig. 8: Local deposition patterns of nano- and micro-particles

1.3.4 Evaporation and deposition of multi-component droplets

Development of droplet vaporization model and JP-8 fuel surrogate. An effective model for

predicting multicomponent aerosol evaporation in the upper respiratory system that is capable of

estimating the vaporization of individual components is needed for accurate dosimetry and

toxicology analyses. In this study, the performance of evaporation models for multicomponent

droplets over a range of volatilities is evaluated based on comparisons to available experimental

results for conditions similar to aerosols in the upper respiratory tract. Models considered include

a semiempirical correlation approach as well as resolved-volume computational simulations of

single and multicomponent aerosol evaporations to test the effects of variable gas-phase

properties, surface blowing velocity, and internal droplet temperature gradients. Of the

parameters assessed, concentration-dependent gas-phase specific heat had the largest effect on

evaporation and should be taken into consideration for respiratory aerosols that contain high

volatility species, such as n-heptane, at significant concentrations. For heavier droplet

components or conditions below body temperatures, semiempirical estimates were shown to be

appropriate for respiratory aerosol conditions. In order to reduce the number of equations and

properties required for complex mixtures, a resolved-volume evaporation model was used to

identify a twelve-component surrogate representation of potentially toxic JP-8 fuel based on

comparisons to experimentally reported droplet evaporation data. Due to the relatively slow
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evaporation rate of JP-8 aerosols, results indicate that a semiempirical evaporation model in

conjunction with the identified surrogatemixture provide a computationally efficient method for

computing droplet evaporation that can track individual toxic markers. However, semiempirical

methodologies are in need of further development to effectively compute the evaporation of

other higher volatility aerosols for which variable gas-phase specific heat does play a significant

role.

Table 2 Twelve component JP-8 surrogate

Wt % Edwards and Wt % Computed
Component Maurice (2001) with RMM2

iso-octane 5.0 0.25
Methyl 5.0 0.25
cyclohexane
m-xvlene 5.0 0.25
Cyclooctane 5.0 0.25
Decane 15.0 7.0
Butyl benzetie 5.0 3.0
1,2.4,5 tetramethyl 5.0 14.0

benzene
Tetralitin 5.0 15.0
Dodec,ane 20.0 23.0
1 -methyl 5.0 8.0
naphithalene
Tetradecane 15.0 17.0
Hexadecane 10.0 12.0

Solutions of selected evaporation models (i.e., RMM1 and RMM2) have been evaluated

for a 12-component surrogate mixture suggested by Edwards and Maurice (2001) (Table 2) and

are compared to the experimental results of Runge et al. (1998) (see Fig. 9 from Longest &

Kleinstreuer, 2005). The significant discrepancy between the computed and empirical results is

likely due to an incorrect surrogate mixture for droplet evaporation or inaccuracy of the assumed

rapid mixing model for droplets consisting of a significant number of compounds. Inclusion of

concentration gradients in the droplet will slow the initial evaporation rate by limiting transport

of high volatility compounds to the surface, in the absence of Hill vortex formation. However,

evaporation at later times will be increased due to continued availability of the lighter

components. It appears that the slopes of the predicted evaporation curves remain greater than or

equal to the experimental data. This indicates that internal gradients may not be responsible for

the discrepancy between predicted and experimental values, which is consistent with the

computed results for a binary heptane-decane droplet. Based on calculations with the RMM2
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approximation, a surrogate mixture that accurately predicts droplet evaporation is defined in

Table 2, and evaporation rates are shown in Figure 9. For the suggested surrogate model,

differences among the RMMI and RMM2 solutions are largely negligible, which indicates that

either a reduced presence of volatile hydrocarbons or a reduced evaporation rate associated with

multiple components minimizes the need to account for variable gas-phase specific heat in this

case. As such, the ODE-based semiempirical solution used with the suggested surrogate mixture

provides a computationally effective method for evaluating the evaporation of potentially toxic

JP-8 aerosols in the respiratory tract.

1 646 g.m JP-8 surrogate droplet
0.9 T. = 294 K; U, = 300.0 cm/s

0.8 Re = 120.3 (initial)0.8 ,

0.7 c 0 Runge et ol. (1998)
___- _ RMM1 Edwards and Maurice (2001)

C14 00.6 - - RMM2 Edwards and Maurice (2001)
V - - RMM2 Predicted Surrogate

0.4 -

0.3 
0

0.2
0 1 I0 100 200 300

Time (s)

Figure 9: Computational estimates of normalized droplet surface area (dlldol) over time

compared to the experimental results of Runge et al. (1998) for a twelve-component JP-8

surrogate mixture (Longest & Kleinstreuer, 2005).

Transport and deposition of multi-component droplets. The impurities of multi-component

droplets may reduce the surface vapor pressure and hence decrease the droplet evaporation or

cause droplet growth. As an example, the evaporation/ hygroscopicity , transport and deposition

of isotonic and hypertonic saline droplets have been simulated for the human upper airways and

analyzed for different steady inhalation conditions (Zhang et al., 2006a,b) (Zhang et al., 2006a;

Zhang et al., 2006b). Figure 10 depicts the evolution of both trajectories and diameters in the

oral airways, considering four different isotonic saline droplets (NaCI z 0.9%) at Qin=30 I/min,

RHi,=60% and Ti,=303K. Clearly, the diameter of each droplet, starting at the mouth inlet,

decreases gradually due to mass loss by evaporation, and then may increase due to water

condensation by hygroscopicity, driven by the airflow field and convective heat/mass transfer.

Affected by the highly non-uniform, occasionally turbulent airflow structures in the oral airways,
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the trajectories for different droplets vary; hence, the changes of droplet diameters are different

because of the different local airflow as well as heat and mass transfer. Even when starting with

the same diameters, i.e., 3 and 71tm, but different release positions, they undergo contrasting

changes depending upon local (moist) environment. Specifically, the diameter of droplet #1

gradually decreases to about 5.5 p.m from the mouth inlet to the glottis due to vaporization;

however, it may increase slightly in the trachea when it moves near the airway wall where RH,,

is very high. Droplet #2 may decrease from 7p.m to 2.6pm before it starts to grow after the

trachea. Small-size droplets (say, dp=3p.m, i.e., droplets #3 and #4) may continuously shrink

from the inlet until reaching an equilibrium size where they are neither losing nor absorbing
water, and then they start to grow or shrink as they move through a high- or low- humidity

environment.

8

# 1 (dP=7gm)
#2 (dp=7[tm) 6-
#3 (dp=3 m

#4 (dp=3 tm)

2

Y Z

0 0.05 01 0.15 0.2
Time (s)

x

Fig. 10: Trajectories and diameter evolution of selected isotonic saline droplets in the oral

airway model with Qi,,=30 t/min, Ti.=303K and RHin=60%.

The increase of initial solute concentration for multi-component droplets (e.g., hypertonic

saline droplets) may reduce solution (e.g., water) evaporation and increase its condensation (i.e.,

hygroscopic effects) at droplet surfaces so that the droplet deposition may increase due to the

increasing particle diameter and density (Zhang et al., 2006a).
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1.3.5 Impact of airway wall absorption on vapor deposition

As mentioned in Sect. 1.2.2, the vapor absorption and uptake in the tissue can be

described by Eq. (1); hence, the vapor deposition at the airway surface (mucus layer) is related to

a wall absorption parameter K (see Eqs. 2 and 3). The absorption parameter K for different

compounds of JP-8 fuel may vary from 10-3 to 103 , resulting in large variations of the deposition

fractions. Figure 11 a shows the variation of deposition fraction in the oral and bifurcation airway

models as a function of K. When K is less than one, the deposition is very low in the upper

airways due to the low solubility of species in the mucus layer. The deposition fraction is greatly

dependent on K for I<K<1000. If K>1000, the deposition fraction is very close to that for the

perfectly absorbing wall condition (i.e., Ywa]1=0). The impact of K on the species mass transfer

coefficients in the airways are depicted in Fig. 1 lb. Clearly, K almost has no effects on the mass

transfer coefficients of species with the same diffusivities.
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Fig. 11: The effects of airway wall absorption parameter K on: (a) JP-8 fuel vapor

deposition fraction and (b) mass transfer coefficients in the human upper airway model

with Qin=30 I/min.
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1.3.6 A new methodology for targeting drug-aerosols in the human respiratory system

Inhalation of medicine for the treatment of lung and other diseases is becoming more

and more a preferred option when compared to injection or oral intake. Unfortunately, existing

devices such as the popular pressurized metered dose inhalers and dry powder inhalers have

rather low deposition efficiencies and their drug-aerosol deliveries are non-directional. This is

acceptable when the medicine is inexpensive and does not cause systemic side effects, as it may

be the case for patients with mild asthma. However, the delivery of aggressive chemicals, or

expensive insulin, vaccines and genetic material embedded in porous particles or droplets

requires optimal targeting of such inhaled drug-aerosols to predetermined lung areas. The new

methodology introduces the idea of a controlled air-particle stream which provides maximum,

patient-specific drug-aerosol deposition based on optimal particle diameter and density,

inhalation waveform, and particle-release position. The efficacy of the new methodology is

demonstrated with experimentally validated computer simulations of two-phase flow in a human

oral airway model with two different sets of tracheobronchial airways (see Fig. 12) (Kleinstreuer

et al., 2007). Physical insight to the dynamics of the controlled air-particle stream is provided as

well (see Fig. 13) (Kleinstreuer et al., 2008). As shown in Fig. 12, with the controlled inlets

Controlad poilde ulase poslorm G3.1
F,- ml,Aww.ay vikh a crkl Mk (Irat eMo 1

\G 11d.la

ZZ \\ 1 r-1.4 nmn

G311 G31

0 33 83 0

Capture Efficiencies:
12.4% (Non-directional) --> 100% (When targeting)

From Oral Airway Coritrold pticle release P MOEim G3.1

udh ciicml radi idtto n3)

GO (Trachea) G3.1

r7.4 nuM
0-iw-

Capture Efficiencies:
19 % (Non-directional) -- 100% (When targeting)

Fig. 12: Demonstration of G-3 outlets of idealized and realistic airways targeting.
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(Inlet positions #1 and 3), the capture efficiency of particles in the targeted areas (e.g., G3.1 exit)

can increase from about 10%- 20% to 100%, no matter an idealized or a realistic airway model

is employed. Distributions of particles entering targeted (outlet) airways are mainly driven by

secondary flows. Figure 13 depicts an example of transport of a micron particle stream in the

oral airway model driven by laminar airflow.

In summary, drug-aerosols have typically effective diameters of 1l m to 20pam, a size

range which precludes Brownian motion and high impaction parameter values; hence, they tend

to follow local streamlines. The determination of suitable particle release positions for optimal

site-specific targeting is the most important element of the new methodology, which is achieved

via "backtracking".

Q,=8 Umin, dp=7am 50 crTs A
A

B A'AB B' OC

A'

Inlet Release Position

C- -

D D' C CID D'

E E'

F ,E EIF F*

Fig. 13: Distributions of particles released from a given mouth inlet position with Qi.=8

L/min and dp=7g.m at the oral airway model. The left panel exhibits the particle

trajectories while the right panel depicts particle distributions and secondary velocity

vectors at different cross sections.

1.4 CONCLUSIONS AND SUMMARY OF ACCOMPLISHMENTS

Using representative human nasal, oral and tracheobronchial airway models, transient 3-
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D as well as equivalent steady-state solutions have been obtained for the transport and deposition

of spherical particles and droplets as well as vapors. It should be noted that equivalence to

transient airflow and particle deposition results was achieved by employing matching Reynolds

and Stokes numbers for steady-state simulations. Inhalation inlet conditions and aerosol

characteristics resembled JP-8 fuel exposure scenarios in most case studies. Key multi-scale

computational analysis and simulation results can be summarized as follows.

(i) Airflow and Transport and Deposition of Micron- and Nano-size Aerosols in

Representative Human Nasal Airways:

(a) The unique flow characteristics, such as flow separation, and secondary flows, in

representative human nasal cavities have been simulated systematically. Detailed local

deposition patterns and deposition efficiencies of nanoparticles and equivalent JP-8 fuel

vapors have been studied.

(b) Wall roughness of nasal cavities was found to have a significant effect on deposition of

micron particles with a diameter larger than 4 ,tm. With the correction for wall roughness,

the micron particle deposition efficiency in the nasal airway was successfully simulated

for the first time when compared to measured data sets (see Fig. 1).

(ii) Multi-component and/or Impure Droplet Evaporation or Hygroscopicity: A semi-

empirical evaporation model in conjunction with the identified surrogate mixture

provide a computationally efficient method for computing JP-8 fuel droplet

evaporation that can track individual toxic markers. Impurities of droplets may reduce

the surface vapor pressure and hence decrease droplet evaporation or cause droplet

growth. In both scenarios, droplet trajectories and deposition locations/efficiencies

are influenced by varying droplet diameters.

(iii) Deposition Differences between Fuel Aerosols (i.e., Droplets) vs. Vapors: Deposited

vapor coats much more uniformly the airway surfaces when compared to droplet

deposition. The maximum ratio of cellular deposition to average surface deposition

for vapors may be two orders smaller than for droplets. This may imply different

toxicities and even higher toxicities for vapors due to potentially augmented

translocation of vapor molecules into tissues because of more uniform, large-area

deposition distributions. In addition, airway wall absorption may greatly influence

the fuel vapor deposition in different parts of the lungs. For example, the low

resistance and thin liquid lining-layer in lower airways (or the alveolar region) may

cause more vapor deposition than that in the upper airways.

(iv) Lattice-Boltzmann Method (LBM) Analyses of Airflow and Micron Particle

Transport/Deposition in Transient 2-D Alveolar Models with Moving Boundaries: A

computer program based on LBM has been successfully developed in house. Airflow
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and microparticle transport in 2-D alveolar ducts with expanding/contracting sacs

have been simulated and verified.

(v) Steady/Transient Airflow and Micron Particle Transport in Representative

Asymmetric Tracheobronchial Airways: The effects of airway asymmetry and the

presence of tracheal rings on airflow and particle deposition have been simulated and

discussed, using an in-house finite-volume solver, which now also runs on ARL's

HPC.

(vi) Studies of JP-8 Fuel Vapor Transport and Deposition by Considering Airway Wall

Absorption: The respiratory uptake of vapors of different fuel components is greatly

influenced by airway wall absorption in terms of a dimensionless absorption

parameter K. The deposition is very low in the upper airways when K is less than one

and the deposition fraction is very close to that assuming a perfectly absorbing wall

when K>1000. Thus, the deposition fraction is greatly dependent on materials, i.e.,

fuel components, with I<K<1000. The deposition is greater for vapors with higher

diffusivity and solubility. The parameter K has almost no effect on the mass transfer

coefficients of species with the same diffusivities. Thus, the mass transfer coefficients

of vapors in the upper airway can be correlated as a function of flow and diffusion

parameters.

(vii) Optimal Drug-Aerosol Targeting: Commonly used inhalers are non-directional and at

best only regional drug-aerosol deposition can be achieved. However, when inhaling

expensive and aggressive medicine, or critical lung areas have to be reached, locally

targeted drug-aerosol delivery is imperative. For that reason the underlying principle

of a future line of "smart inhalers" is introduced. Specifically, by generating a

controlled air-particle stream, most of the inhaled drug aerosols reach predetermined

lung sites, which are associated with specific diseases and/or treatments. Using the

same human upper airway model, experimentally confirmed computer predictions of

controlled particle transport from mouth to generation 3 are provided.

Clearly, once appropriate drugs have been developed to treat (or even prevent)

detrimental effects of JP-8 fuel inhalation, the use of smart inhaler systems, based on

the new targeting methodology, should be beneficial.
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